Histone acetyltransferases and histone deacetylases play important roles in the regulation of gene expression and maintenance of chromatin structure. Extensive genome-wide and individual gene-specific studies have been carried out to define the distribution and functions of these enzymes in the yeast Saccharomyces cerevisiae (called yeast hereafter in this paper) (for a review, see, e.g., reference 27). However, there have been only limited studies on non-protein-coding genes, such as rRNA genes present at RDN1 on chromosome XII. Here we describe our studies related to the role of the histone deacetylase Rpd3 in regulation of transcription activities at rRNA genes and discuss some earlier published results on the basis of the new observations.
Yeast cells carry ϳ150 copies of tandemly repeated rRNA genes but during exponential growth use only ϳ50% of those genes ("active" or "open" copies); the remaining genes are kept completely inactive ("inactive" or "closed" copies) (9, 13, 39) . It is well-known that the rRNA synthesis rate decreases during the transition from exponential phase to stationary phase in yeast cells (22) (defined as the "post-diauxic phase" [16] ). This decrease in synthesis rate is achieved by two different mechanisms. First, the percentage of open rRNA gene copies decreases during the post-diauxic phase (9, 39) . Second, the transcription of individual open genes is also decreased (39) . It was discovered that an rpd3⌬ mutation prevents the conversion of open rRNA gene copies to closed copies (an Rpd3-dependent mechanism) but allows decrease of rRNA transcription from individual open copies (an Rpd3-independent mechanism). In fact, this decrease is greater than that in a control RPD3 strain so that the overall rRNA transcription rate in the post-diauxic phase is the same in both rpd3⌬ mutant and control RPD3 strains despite the presence of more open genes in the rpd3⌬ mutant (39) . Thus, the mechanisms involved in regulation of transcription of individual open rRNA genes appear to involve a system to adjust the overall rRNA synthesis rate to what is most suitable for cells entering into quiescent states.
Entry into the post-diauxic/stationary phase is known to involve the Tor signaling pathway (reviewed in reference 21). Rapamycin, which inhibits the Tor signaling pathway, is known to inhibit the transcription of rRNA genes by RNA polymerase (Pol) I (34, 54) . In a previous study (8) , we asked whether the inhibition of rRNA synthesis by rapamycin is caused by decreasing the number of open genes (which is Rpd3 dependent) or by inhibiting the presumed Rrn3-dependent initiation step at the open rRNA genes (which is Rpd3 independent) or both. (Rrn3 is essential for Pol I transcription [30, 53] and binds Pol I in the absence of DNA template, forming an initiation-competent Pol I-Rrn3 complex [12, 24, 53] . The complex formation appears to be regulated by the phosphorylation state of Pol I or Rrn3 both in yeast and mammalian systems [6, 12, 28] .) First, we found that rapamycin treatment caused a decrease in the amount of the Rrn3-Pol I complex. This result and previous observations made both in yeast (8, 29) and mammalian (28) cells strongly suggest that the Rpd3-independent mechanism may involve decreasing the amount of the initiation-competent form of RNA polymerase I, the Pol I-Rrn3 complex (Pol I-TIF-1A complex in the mouse). Second, electron microscopy (EM) Miller chromatin spread analysis of rapamycin-treated cells showed the predicted decrease in Pol I density on rRNA genes but failed to show any significant decrease in the number of active (open) rRNA genes relative to inactive (closed) genes, thus demonstrating that the Tor system does not participate in the conversion of rRNA genes from the open to closed state observed for cells in the post-diauxic phase (8) . In Fig. 1 , which summarizes our understanding of different rRNA gene chromatin states, the two pathways involved in down regulation of transcription as cells leave exponential growth are shown as pathways A and B.
In contrast to these conclusions, a paper was published independently, proposing a direct requirement of Rpd3 for regulation of Pol I transcription of rRNA genes by the Tor signaling system (48) . When yeast cells were treated with rapamycin, it was reported that Pol I delocalized as a result of structural alterations of the nucleolus and that an rpd3 deletion abolished rapamycin-dependent inhibition of Pol I transcription by preventing this structural alteration. Thus, the work by Tsang et al. (48) implies that rapamycin causes a decrease in the number of active (open) rRNA genes, and not an Rpd3-independent decrease in the activity of individual open rRNA genes as observed in rpd3⌬ mutants in the post-diauxic phase (39) . In this paper, we describe various experiments to reexamine this question and demonstrate that Rpd3 is not required for Tor-dependent regulation of Pol I transcription, confirming our previous conclusions on the roles of Rpd3 and Tor signaling pathways (Fig. 1, pathways A and B) .
Another question regarding the role of the Rpd3 histone deacetylase in transcription activities at rRNA genes is related to Sir2-dependent silencing of reporter Pol II genes integrated into rRNA gene repeats (3, 14, 44) . Sir2 is an NAD-dependent histone deacetylase, responsible mainly for deacetylation of acetylated lysine at position 16 (K16) of histone H4 and of K9 and K14 of H3 (20) . The importance of histone deacetylation by Sir2 in transcriptional silencing of reporter genes has been supported by an observed correlation between hypoacetylation of histone tails and silent chromatin (1, 2, 4, 18, 38, 46) . Paradoxically, however, deletion of another histone deacetylase, the NAD-independent histone deacetylase Rpd3, was found to increase, rather than to decrease, silencing of reporter genes at rRNA genes, mating type loci, and telomeres (45, 47) . This deacetylase is predicted to function at all acetylation sites on histones H4, H3, H2A, and H2B, with the possible exception of K16 of H4 (37, 46) . Since histone acetylation at silenced loci in an rpd3 deletion mutant did not change significantly and expression of many other genes is affected by the rpd3 mutation, it was suggested that this increase in silencing may be an indirect effect, i.e., a consequence of altered expression of some other gene(s) (35) .
As mentioned previously, exponentially growing yeast cells use only ϳ50% of ϳ150 copies of rRNA genes. By following a single tagged rRNA gene copy integrated into chromosomal rRNA gene repeats and using psoralen cross-linking to separate active from inactive copies of rRNA genes, Dammann et al. (10) demonstrated that individual rRNA gene copies frequently alternate between open and closed states (these are shown as pathways D and E in Fig. 1 ; it is not known whether pathway E is a simple reversal of pathway D). In our previous study on silencing at rRNA genes (7), we found that silencing of a reporter Pol II gene in an rRNA gene copy takes place when the rRNA gene copy is in the active (open) state and that no significant silencing takes place when the reporter gene is in inactive (closed) copies. The results suggest that the rRNA gene chromatin structure in the open form allows Pol I but not Pol II transcription and that the closed form allows Pol II but not Pol I transcription; that is, expression of Pol I and expression of Pol II in rRNA genes are in a reciprocal relationship (7). This conclusion is supported by the finding that Pol II reporter genes integrated into rRNA gene repeats in strains carrying a mutation in upstream activation factor (UAF) and growing by Pol II transcription of the 35S rRNA genes are not subject to silencing (4, 7) .
Upstream activation factor is a multiprotein complex, which binds tightly to the upstream element of the yeast Pol I promoter and is essential for a high level of rRNA transcription. It consists of six protein subunits, three proteins (Rrn5, Rrn9, and Rrn10) encoded by "nearly essential" genes (RRN5, RRN9, and RRN10), Uaf30p encoded by nonessential gene UAF30, and histones H3 and H4 (23, 25, 42) . It was previously observed that deletion of any of the three genes, RRN5, RRN9, and RRN10, abolishes Pol I transcription and derepresses Pol II transcription at several start sites upstream of the Pol I start site (33, 51) . The majority of cells carrying these mutations fail to form colonies (called N-PSW for polymerase switched but no growth) (33, 51) , almost certainly due to a very low level of 35S rRNA transcription by Pol II, but give rise to variants (called PSW for polymerase switched) able to grow as a result of an expansion of chromosomal rRNA gene repeats (33) (Fig.  1, pathway C) . Deletion of UAF30, which decreases the growth rate, was found to allow the use of both Pol I and Pol II for transcription of the 35S rRNA genes (42) . Thus, UAF has dual functions; one function is to act as a positive transcription factor for Pol I, and the other is to act as a silencer for Pol II transcription of rRNA genes, consistent with the role of UAF in the reciprocal relationship between Pol I and Pol II transcription in rRNA genes (7) . As discussed previously, deletion of any one of the subunit protein genes encoding essential nonhistone proteins causes derepression of Pol II transcription of the 35S rRNA genes and, as a consequence, abolishes silencing of Pol II reporter genes integrated at rRNA genes (7). In the course of silencing studies of Pol II reporter genes, we discovered that an rpd3⌬ mutation inhibits the appearance of PSW cells from N-PSW cells and growth of PSW cells and that this inhibition is a result of specific inhibition of Pol II transcription of rRNA genes (pathway C in Fig. 1 ). In this paper, we first describe these new observations and then discuss them in connection with previously known effects of rpd3⌬ mutations on silencing of Pol II reporter genes at rRNA genes and on conversion of rRNA genes from open to closed states during the post-diauxic phase.
MATERIALS AND METHODS
Media and strains. Yeast extract-peptone-galactose (YEPG), yeast extractpeptone-glucose (YEPD), synthetic galactose (SG), and synthetic glucose (SD) complete media, were described previously (8, 40) . For [methyl-
3 H]methionine incorporation experiments, methionine was omitted from SD complete medium. In all the experiments, cells were grown at 30°C unless otherwise stated.
The yeast strains and plasmids used are described in Table 1 . Disruption of SIR2 and RPD3 was carried out using pNOY718 and pNOY725 (or pM1061), respectively.
Biochemical analyses. Analyses of rRNA synthesis by labeling RNA with [ 14 C]uracil or [methyl-
3 H]methionine were carried out as previously described (8, 52) . Analysis of 5Ј ends of precursor rRNA by primer extension was carried out as described previously, using a primer which hybridizes to 35S rRNA 130 nucleotides downstream of the Pol I start site (33) . Quantification was done with a phosphorimager (Bio-Rad, Hercules, California).
EM thin-section, IFM, and EM Miller chromatin spread analyses. EM analysis was carried out as described previously using a JEOL 100CX electron microscope (31) . Immunofluorescence microscopy (IFM) was done with a Zeiss Axioskop (Carl Zeiss Inc., Oberkochen, Germany), using anti-A190 and antiNop1 antibodies (31) .
EM Miller chromatin spread analysis was performed as described previously (8, 13) . For quantitative analysis, entire EM grids were scanned, and all rRNA genes were photographed and analyzed. The polymerase number per gene was determined by counting the number of RNA polymerases (or nascent rRNA transcripts) on all rRNA genes that could be unambiguously followed from the 5Ј end to the 3Ј end.
RESULTS

RPD3
is required for the appearance of PSW variants from rrn9 or rrn5 deletion mutant cells. Cells carrying mutations of RRN5, RRN9, and RRN10 encoding the three essential nonhistone protein subunits of UAF were originally isolated from a standard yeast strain carrying a helper plasmid, which contains the 35S rRNA coding region fused to the GAL7 promoter (GAL7-35S rRNA gene fusion gene), as mutants that can grow on galactose but not on glucose (30) . It was subsequently discovered that a small fraction of these mutant cells growing in galactose-containing cultures give rise to PSW variants able to grow on glucose-containing medium (33, 51) (see Fig. 2A for an rrn9⌬ mutant). PSW cells grow by transcribing the chromosomal rRNA genes by Pol II and hence, can grow in the absence of helper plasmid. We discovered that deletion of RPD3 in the rrn9⌬ strain growing on galactose by the use of a helper plasmid inhibited appearance of PSW variants on glu- (8) In one experiment, two colonies (colonies 3 and 4) of the resultant rrn9⌬ rpd3⌬ strain and two colonies (colonies 1 and 2) of its parent, NOY2111 (rrn9⌬), were analyzed for their ability to switch to the PSW state. In another experiment, disruption of RPD3 was repeated, and the rpd3⌬ mutant isolated (rrn9⌬ rpd3⌬ colony 6) was analyzed together with a control rrn9⌬ colony (rrn9⌬ colony 5). An approximately equal number of cells (corresponding to a 2-mm-diameter colony) were picked from plates and suspended in H 2 O, and 10-fold serial dilutions of the indicated strains were spotted on YEPG and YEPD complete media. Plates were incubated for 7 days at 30°C. (B) Tetrad analysis showing rrn9⌬ rpd3⌬ spores without helper plasmid are inviable. Diploid cells (His ϩ Leu ϩ ) formed by crossing strain NOY684 (rrn9⌬::HIS3) with strain NOY2015 (rpd3⌬::LEU2) were sporulated, and tetrads were dissected and incubated for 9 days at 30°C. After a photograph was taken (shown), the colonies were analyzed for the presence of rrn9⌬ (His ϩ ) and rpd3⌬ (Leu ϩ ). The genotype of spores that failed to form colonies was deduced from the genotypes of colonies formed from the three other spores and concluded to be rrn9⌬ rpd3⌬ (shown in parentheses). We note that the colonies formed at the left-hand side of the photograph (e.g., spores a) were generally larger in size than those at the right-hand side (e.g., spores d) even if they had the same genotype, perhaps because they were farther away from the streak of zymolase-treated cells containing tetrad spores (the streak is not shown but is present to the right of spores d). (C) Tetrad analysis showing rrn5⌬ rpd3⌬ spores without helper plasmid are inviable. Diploid cells (Leu ϩ His ϩ ) formed by crossing NOY680 (rrn5⌬::LEU2) with NOY2156 (rpd3⌬::His3MX6) were sporulated, and tetrads were dissected and incubated for 9 days at 30°C. Colonies were analyzed as described above for panel B, and genotypes of haploid segregants are indicated. The genotype of the spores that failed to form colonies was concluded to be rrn5⌬ rpd3⌬. Fig. 2A) . However, the degree of inhibition varied depending on clones (compare the left gel with the right gel in Fig. 2A ) similar to the known variation in the frequency of appearance of PSW cells (compare clones 1 and 2 in Fig. 2A ). As explained in the introduction, the switch to the PSW state, i.e., growth by transcribing rRNA genes by Pol II involves two key steps; the first is the derepression of Pol II transcription of rRNA genes by mutational inactivation of one of the essential subunits of UAF, and the second is an expansion of rRNA gene copy numbers (33) . We considered the possibility that transcription of rRNA genes by Pol II not only requires inactivation of UAF as a repressor but also requires intact Rpd3 for a proper chromatin structure at the promoter. A possible explanation for the variability in the degree of inhibition of the appearance of PSW cells invokes the heterogeneity in rRNA gene repeat number in these cells. A given N-PSW rrn9⌬ culture (or other UAF mutants carrying the GAL7-35S rRNA gene fusion gene on a helper plasmid) growing on galactose gradually accumulates cells with higher repeat numbers presumably due to some small growth advantages, such that even a strong (but partial) decrease in Pol II transcription of individual rRNA genes by the rpd3⌬ mutation may be compensated by a higher gene dosage at the time of disruption of RPD3. Thus, rpd3⌬ rrn9⌬ N-PSW clones derived from cells with higher rRNA gene repeat numbers may produce PSW variants with a higher efficiency approaching that observed for control RPD3 rrn9⌬ N-PSW clones, whereas those derived from cells with lower rRNA gene repeat numbers may produce PSW variants with much reduced efficiency. In order to overcome the variability observed in the effects of rpd3⌬ mutation on production of PSW cells, we introduced an rpd3⌬ mutation into an rrn9⌬ strain by mating and examined its effect on PSW variant formation by tetrad analysis. A diploid strain was first constructed by crossing an rpd3⌬ strain with an rrn9⌬ (PSW) strain which does not carry any helper plasmid. This strain, which is RPD3/rpd3⌬ and RRN9/rrn9⌬, was grown for many generations by repeated streaking on the synthetic medium used for selection of the original diploid and then subjected to sporulation followed by tetrad analysis. As shown in Fig. 2B , RPD3 rrn9⌬ haploid spores formed small colonies after 9 days of incubation at 30°C (e.g., spores 1d) as observed in the original study (25, 51) , but none of the spores expected to carry the rpd3⌬ rrn9⌬ genotype formed colonies (see spores 1a, 2c, 3b, 4d, 5d, and 6a in Fig. 2B ).
Similar tetrad analysis was also carried out using an rrn5⌬ (PSW) strain instead of the rrn9⌬ (PSW) strain. As shown in Fig. 2C , RPD3 rrn5⌬ haploid spores formed small colonies after 9 days of incubation, as observed in the earlier study (25) , but none of the spores that must have carried the rpd3⌬ rrn5⌬ genotype formed colonies (see spores 1c, 2a, 3d, 4a, 5a, 6a, and 7a in Fig. 2C ). The results of these experiments demonstrate that the rpd3⌬ mutation decreases the ability of mutants with defects in UAF subunit genes RRN9 and RRN5 (and presumably RRN10 which we have not examined) to grow by transcribing rRNA genes with Pol II, that is, to grow as PSW variant cells.
RPD3 is required for efficient Pol II transcription, but not Pol I transcription, of 35S rRNA genes. We have previously shown that there is (weak) Pol II transcription of chromosomal 35S rRNA genes in rrn9⌬ cells even in the N-PSW state, and this can be clearly recognized after shifting galactose-grown N-PSW cells to glucose which represses Pol II transcription from the GAL7-35S rRNA gene fusion gene (33) . As shown in Fig. 3A , rrn9⌬ N-PSW cells grown in galactose and shifted to glucose for 1 h showed Pol II transcripts from several start sites (Pol II in Fig. 3A, lanes 1 and 2) , which could be distinguished from the main rRNA transcript from the GAL7 promoter (band labeled G in Fig. 3A ). Shifting to glucose caused a very large (Ն90%) reduction in transcription of the GAL7-35S rRNA gene fusion gene on the helper plasmid but only a partial (ϳ50% in Fig. 3A ) apparent reduction in Pol II transcription of chromosomal rRNA genes (Fig. 3A , compare lane 2 to lane 1). (Shifting of rrn9⌬ N-PSW cultures from galactose to glucose causes a large decrease in the growth rate, leading to an eventual cessation of cell mass increase. The degree of decrease in Pol II transcription of chromosomal rRNA genes was variable, depending on the experiment, but was usually less than ϳ50%. This decrease might result from growth defects caused by the virtual cessation of rRNA synthesis in glucose.) In contrast to the rrn9⌬ N-PSW control strain, rrn9⌬ rpd3⌬ N-PSW cells did not show significant Pol II transcription of chromosomal rRNA genes either in galactose or after the shift to glucose (Fig. 3A , compare lanes 3 and 4 with lanes 1 and 2, respectively; see the legend for quantification). These results support the conclusion that the rpd3⌬ deletion inhibits Pol II transcription of chromosomal rRNA genes and hence, largely abolishes the ability of rrn9⌬ or rrn5⌬ spores to grow as PSW variants and form colonies.
As mentioned above, rRNA gene repeat numbers in rrn9⌬ (and rrn5⌬ or rrn10⌬) N-PSW cell populations tend to increase when they are maintained on galactose. Therefore, comparison of the rates of total rRNA synthesis by Pol II between two N-PSW cultures by biochemical analyses such as that shown in Fig. 3A has to be corrected for differences in rRNA gene copy numbers. For this reason, we also carried out experiments using strains deleted for UAF30, which encodes the nonessential UAF subunit Uaf30. The uaf30⌬ mutation allows Pol II transcription of rRNA genes without completely inhibiting Pol I transcription (42) , and therefore, the effects of the rpd3⌬ mutation on Pol II transcription of rRNA genes relative to Pol I transcription can be analyzed independently of variations of rRNA gene copy numbers. We constructed an rpd3⌬ derivative of the uaf30⌬ mutant (in the absence of any helper plasmid) and found no obvious growth defects. We then examined the effects of the rpd3⌬ mutation on transcription of rRNA genes by primer extension. As shown in Fig. 3B , a large decrease (Ն70%) in Pol II transcription was observed relative to the parent RPD3 uaf30⌬ strain, while Pol I transcription was not significantly affected (compare lanes 4 and 2). The absence of a significant effect of the rpd3⌬ mutation on Pol I transcription was also confirmed by comparison of the control rpd3⌬ strain with the RPD3 (wild-type [WT]) strain (compare lanes 3 and 1). In addition, the growth rates of these two control strains were approximately the same (doubling time, ϳ110 min). The growth rates of the uaf30⌬ and uaf30⌬ rpd3⌬ strains were also approximately the same (doubling time, ϳ190 min). Since the contribution of Pol II transcription to the synthesis of total rRNA is small in the uaf30⌬ strain (15% in the experiment shown in Fig. 3B, lane 2) , even the large inhibition of Pol II VOL. 26, 2006 Rpd3 AND TRANSCRIPTION ACTIVITIES AT rRNA GENES 3893
on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ transcription of rRNA genes is not expected to decrease the growth rate significantly. Because deletion of SIR2 is known to weaken silencing of reporter genes inserted into rRNA genes, whereas deletion of RPD3 strengthens silencing, we examined the effects of a sir2⌬ mutation on transcription of rRNA genes by Pol I and Pol II. In contrast to RPD3 deletion, SIR2 deletion did not affect the growth of rrn9⌬ PSW strains (data not shown) or Pol II transcription of the rRNA genes (Fig. 3C, lanes 5 to 8) . The same sir2⌬ mutation also had no effect on Pol I transcription (Fig.  3C, lanes 1 to 4) , consistent with the fact that sir2⌬ mutants and control SIR2 strains generally have equal growth rates. These results demonstrate a striking difference between the two histone deacetylases; Rpd3, but not Sir2, is required for efficient transcription of rRNA genes by Pol II in rrn9⌬ cells (and, almost certainly, in rrn5⌬ and rrn10⌬ cells also).
Reexamination of inhibitory effects of rapamycin on nucleolar structures and Pol I transcription of rRNA genes in rpd3⌬ and RPD3 control strains. To clarify the discrepancy between the observations of Tsang et al. (48) that an rpd3⌬ mutation prevents inhibition of Pol I transcription by rapamycin and those in our previous work (8) (see introduction), we carried out a series of experiments to compare the effects of rapamycin in rpd3⌬ and control RPD3 strains. First, we measured the accumulation of total radioactive RNA in the presence of [ 14 C]uracil. As shown in Fig. 4A , rapamycin inhibited stable RNA accumulation equally well in both the rpd3⌬ and control WT RPD3 strains. Since rRNA represents ϳ85% of total RNA under growth conditions used (our unpublished experiments), we conclude that there is little, if any, difference in the effect of rapamycin on rRNA accumulation.
We also pulse-labeled cells with [methyl-3 H]methionine to measure the rRNA synthesis rate as recommended for the analysis of the rRNA synthesis rate in yeast cells (52) . Both total RNA fractions (Fig. 4B) and individual large rRNAs separated by gel electrophoresis (Fig. 4C) were analyzed. The rpd3⌬ strain was at least as sensitive as the control RPD3 strain was to rapamycin.
Next, we examined alterations of nucleolar structures after rapamycin treatment by IFM using antibodies against the A190 subunit of Pol I and against nucleolar protein Nop1 (Fig. 5A) . Treatment of cells with rapamycin (0.2 g/ml) for 1 h led to FIG. 3 . rpd3⌬ mutation inhibits Pol II transcription of rRNA genes, but not Pol I transcription of rRNA genes or Pol II transcription of GAL7-35S rRNA gene fusion gene. (A) The two strains, NOY2111 (rrn9⌬, N-PSW) and its rpd3⌬ derivative ( Fig. 2A) , were grown in YEPG complete medium to a cell density of A 600 of ϳ0.2. Cells from half of each culture were collected by centrifugation, resuspended in YEPD complete medium, and incubated for 1 h (D lanes). The remaining half of each culture was kept in YEPG complete medium and incubated as controls (G lanes). Total cellular RNA was then isolated from each culture. RNA transcribed from the GAL7-35S rRNA gene fusion gene (the main band labeled G) and RNA derived from chromosomal rRNA genes by Pol II transcription (bands labeled Pol II) were analyzed by primer extension using 2.5 g RNA. Relevant lanes from an autoradiogram of a single gel are shown. It should be noted that there are some bands (e.g., those indicated with a dot) above the main transcription start site (G) of the GAL7-35S rRNA gene fusion gene that, like band G, were strongly reduced upon transfer to glucose and therefore, almost certainly represent transcripts from the GAL7 promoter. Quantification of radioactive bands indicated that rRNA synthesized from the GAL7 promoter in galactose was comparable in the two strains (the amount of band G in lane 3/amount of band G in lane 1 ϭ 0.78), whereas Pol II transcription of chromosomal rRNA genes in the rrn9⌬ rpd3⌬ strain was negligibly small relative to the control rrn9⌬ strain (amount of Pol II bands in lane 4/amount of Pol II bands in lane 2 ϭ 0.017). We also ascertained chromosomal rRNA gene repeat numbers per genome and found that the rrn9⌬ strain used had ϳ50% more than the rrn9⌬ rpd3⌬ strain. (N-PSW cells tend to have increased rRNA gene copy numbers even on galactose due to a slight growth advantage [see text].) This difference is small and does not affect the conclusion that the rpd3⌬ mutation inhibits Pol II transcription of chromosomal rRNA genes. (B) RNA was prepared from strains NOY388 (WT), NOY1022 (uaf30⌬), NOY2015 (rpd3⌬), NOY2107 (uaf30⌬ rpd3⌬), and NOY902 (rrn9⌬, PSW), which were grown in YEPD complete medium to an A 600 of ϳ0.5. Primer extension was carried out using 2.5 g of RNA. (C) RNA was prepared from strain NOY388 (WT; lanes 1 and 2), NOY902 (rrn9⌬, PSW; lanes 5 and 6), and the sir2⌬ derivatives of these strains (NOY1045 and NOY2108, respectively; lanes 3 and 4 and lanes 7 and 8, respectively), as described above for panel B. Primer extension was carried out in duplicate using 1.5 g total RNA for NOY388 and NOY1045, and 5 g total RNA for NOY902 and NOY2108. Autoradiograms are shown. The Pol I start site (ϩ1) and Pol II start sites are indicated. In panel B, phosphorimager analysis showed the Pol II/Pol I ratios to be 0.17 for lane 2 and ϳ0.05 for lane 4. We note that the rrn9⌬ (PSW) strain (lane 5 in panel B and lanes 5 and 6 in panel C) was derived from a rrn9⌬ (N-PSW) strain carrying a helper plasmid (similar to the one shown in lane 1 in panel A), but the helper plasmid was lost. Primer extension using RNA from cells grown in YEPG complete medium also showed the pattern identical to those shown here: that is, no RNA corresponding to band G (lanes 1 and 3 in panel A) was present. changes in nucleolar morphology. In some cells, Nop1 appeared to condense into a small spot with A190 spread through the nucleus, as described by Tsang et al. (48) . In other cells, both A190 and Nop1 appeared to be spread through the nucleus. Examination of thin sections of rapamycin-treated (control WT RPD3) cells by EM also showed variable nucleolar morphology, with most nucleoli smaller, irregularly shaped, and somewhat denser than nucleoli in untreated control WT cells (Fig. 5B, top left) . Nucleoli with a small dense spot (Fig.  5B , top right and bottom left), similar to those reported previously (48), were found but only in ϳ9% of cells examined (n ϭ 54). Using IFM, we also observed significant alteration of nucleolar structures after rapamycin treatment in rpd3⌬ mutant cells (Fig. 5A ). The pattern of alterations was generally similar, though not identical, to that observed for control RPD3 cells. Some rpd3⌬ cells showed smaller Nop1 spots, and A190 either colocalized with it or spread through the nucleus.
Other cells showed that both Nop1 and A190 spread through the nucleus. It is clear that both the rpd3⌬ mutant cells and the control RPD3 cells undergo similar, though perhaps not identical, nucleolar alterations upon rapamycin treatment. It should be noted that the rpd3⌬ mutation we used increased the degree of silencing of Pol II reporter genes inserted into rRNA genes (data not shown), a mutant phenotype that is well established by previous workers (45, 47) . Finally, we examined the sensitivity of Pol I transcription to rapamycin using the EM Miller chromatin spread method. We compared the same rpd3⌬ mutant and control RPD3 strains that were used to study the effect of rpd3⌬ on conversion of open rRNA gene copies to the closed state during entry into stationary phase (39) . Exponentially growing cells were treated with rapamycin (0.2 g/ml) for 30 min, and RNA polymerase density for active genes was measured. As shown in Fig. 6 , rapamycin treatment caused a 55% decrease in polymerase density in the rpd3⌬ cells, similar to that (57% decrease) observed in control cells. There was no significant difference in the pattern of polymerase distribution between rpd3⌬ and control RPD3 cells treated with rapamycin. These results strongly support the conclusion that the rpd3⌬ mutation does not confer any rapamycin resistance to Pol I-transcribed rRNA genes. FIG. 4 . Pol I transcription in rpd3⌬ mutant cells is as sensitive to rapamycin as Pol I transcription in control WT cells is. (A) Accumulation of total RNA. Both rpd3⌬ cells (NOY2015) and control RPD3 (NOY388; WT) cells were grown in SD complete medium supplemented with uracil (5 g/ml). Each culture was diluted to a cell density of A 600 of ϳ0.2 and divided into two. [ 14 C]uracil (0.5 Ci/ml) was added, and 15 min later, rapamycin (Rapa) (0.2 g/ml) or vehicle was added to one of the duplicate cultures, respectively (time zero). Aliquots of the cultures were taken at the indicated times, and the amounts of 14 C label (counts per minute in thousands [kcpm]) incorporated into the trichloroacetic acid (TCA)-insoluble fraction (total RNA) were determined. The degrees of inhibition of accumulation between 0 and 30 min and between 30 and 60 min by rapamycin were 64% and 85%, respectively, for the WT, and 58% and 85%, respectively, for the rpd3⌬ strains. (B) The rpd3⌬ and WT strains were grown in SD complete medium without methionine and were treated with rapamycin (0.2 g/ml; time zero). Aliquots were taken at indicated times, mixed with [methyl-3 H]methionine, and incubated for 5 min. Incorporation of 3 H label into the TCA-insoluble fraction ("Protein"; mostly protein together with small amounts of RNA) and the RNA fraction (obtained after phenol extraction) was measured. The values normalized for those at the time of rapamycin addition are shown. (C) In a separate experiment carried out as described above for panel B, RNA samples were prepared after 5 min of 3 H pulse-labeling at 15 and 30 min after rapamycin addition, and portions derived from an equal volume of the original culture were subjected to polyacrylamide/agarose composite gel electrophoresis followed by autoradiography. The amounts of 3 H in radioactive rRNA bands (precursor 27S and 20S and mature 25S and 18S) were quantified, and the sum of these values normalized for those at time zero were calculated and are indicated near the bottom of each lane. 
Mutational inactivation of Rrn3 causes structural alterations of the nucleolus.
In the work proposing that rapamycin inhibits Pol I by recruiting Rpd3 to rRNA genes, it was also reported that temperature shift-up of an rrn3 temperaturesensitive (TS) mutant strain (rrn3-1/syc1-8) (5) did not cause morphological changes in nucleoli (48) . On the basis of this observation, the authors concluded that morphological changes following rapamycin treatment are not a secondary consequence of inhibition of Pol I transcription. However, they did not show whether the conditions used (temperature shift-up to 37°C for 1 h), were sufficient to inhibit Pol I transcription in that particular rrn3 mutant. We used the rrn3 mutant [rrn3(S213P)] isolated and characterized in this laboratory (8) and reexamined this question. In rrn3(S213P) cells, a shift from 25°C to 37°C followed by incubation for 3 h was shown to cause 95 to 98% inhibition of Pol I activity relative to the same strain kept at 25°C (or relative to RRN3 cells shifted to 37°C) (8) . Clear morphological alterations (Fig. 7) were observed in the rrn3(S213P) cells after temperature shift from 25°to 37°C for 3 h. Condensation of the nucleolus into several smaller and denser particles was evident by IFM using antiNop1 antibodies (Fig. 7A) or by EM examination of thin sections (Fig. 7B) . Simultaneous examination of the mutant cells by IFM using anti-A190 antibodies revealed that Pol I did not colocalize with Nop1 and that Pol I was distributed throughout the nucleoplasm under such conditions. We also constructed a strain carrying both rrn3(S213P) and rpd3⌬ and examined morphological changes at 3 h after shift to 37°C. Changes in nucleolar morphology observed by IFM were very similar to those in rrn3(S213P) cells (data not shown). Clearly, changes were induced as a consequence of inactivation of Rrn3, a Pol I-specific transcription factor, and were independent of Rpd3.
The morphological features observed after the inactivation of Rrn3 were similar, but not identical, to those observed after rapamycin treatment. This is not unexpected, since Tor signaling affects various cellular activities in addition to Pol I activities, whereas inactivation of Rrn3 leads to specific inhibition of initiation of Pol I transcription. The morphological change of the nucleolus in rapamycin-treated cells seen by Tsang et al. (48) resembles that observed after the inactivation of Rrn3 presented here. In summary, our results contradict the conclusions reached by Tsang et al. (48) that inhibition of Pol I transcription and morphological alterations of the nucleolus are caused mainly by recruitment of Rpd3 to rRNA genes and that deletion of RPD3 results in resistance to the inhibitory effects of rapamycin on Pol I transcription and nucleolar structures.
DISCUSSION
In this paper, we first describe the new observation that deletion of histone deacetylase gene RPD3 inhibits the ability of rrn9⌬ or rrn5⌬ mutant cells to grow by transcribing rRNA genes by Pol II, i.e., to attain the PSW state. By studying the effects of rpd3⌬ using an rrn9⌬ strain carrying a GAL7-35S rRNA gene helper plasmid and a viable uaf30⌬ strain which uses both Pol I and Pol II for rRNA transcription, we have demonstrated that the main cause of growth defects is a strong inhibition of rRNA gene transcription by Pol II, but not by Pol I, caused by the absence of histone deacetylase Rpd3 in these UAF mutant cells. These data support a specific role for Rpd3 in allowing transcription of 35S rRNA genes by Pol II in these mutant cells. We also describe a series of experiments to reexamine the effects of rapamycin on Pol I transcription in rpd3⌬ strains. Although we cannot exclude participation of Rpd3 in the inhibition of Pol I by rapamycin in wild-type RPD3 cells, it is clear that Rpd3 is not necessary for such inhibition. Various states of rRNA gene chromatin defined by experimental observations together with known transitions between the states that require Rpd3 function(s) are summarized in Fig. 1 and discussed below. It should be noted that we omit discussion of Pol III transcription of 5S RNA genes and limit discussion of silencing to reporter genes inserted in the 35S rRNA coding region.
Inactivation of Rpd3 inhibits Pol II transcription of rRNA genes and reporter genes inserted in rRNA genes. In growing yeast cells, about half of ϳ150 tandemly repeated rRNA genes are actively transcribed, i.e., in the open state (9, 13, 39) , and each of the rRNA gene copies is assumed to alternate rapidly between the open and closed states (10) . Evidence strongly suggests that a Pol II reporter gene inserted in rRNA genes is silenced when the rRNA gene copy takes the open form, but that it is transcribed when the rRNA gene copy is in the closed form (4, 7) . Reporter genes inserted in rRNA gene repeats are not silenced in PSW strains or when Pol I transcription is inactivated (4, 7) . We have now found that inactivation of Rpd3 in rrn9⌬ N-PSW strains or uaf30⌬ strains leads to a large decrease in Pol II (but not Pol I) transcription of rRNA genes and leads to inhibition of production of PSW variants from rrn9⌬ N-PSW cells or rrn5⌬ N-PSW cells. We note that, in the presence of a helper plasmid, rpd3⌬ rrn9⌬ N-PSW cells grow on galactose at about the same growth rate as control RPD3 rrn9⌬ N-PSW cells by synthesizing rRNA from the GAL7-35S rRNA gene fusion gene on a helper plasmid. Thus, contribution of Rpd3-dependent Pol II transcription of chromosomal rRNA genes to the total synthesis of 35S rRNA is small in the latter control cells. Therefore, it appears that inhibition of Pol II transcription of rRNA genes by the rpd3⌬ mutation may be specific and is not a consequence of a general decrease in Pol II transcription caused, e.g., by a (hypothetical) decrease in the amount of Pol II in the rpd3⌬ mutant strain. In addition, we also note that inhibition of Pol II transcription of rRNA genes is likely at the initiation step, because the transcription (i.e., elongation) of the GAL7-35S rRNA gene fusion genes on the helper plasmid by Pol II is not affected by the rpd3⌬ mutation. Of course, the inhibition of Pol II transcription of rRNA genes could be a consequence of altered expression of some other genes caused by the rpd3 mutation, e.g., decreasing synthesis of a (hypothetical) positive factor required for Pol II (but not for Pol I) transcription of rRNA genes (nor for Pol II transcription of the GAL7-35S rRNA gene fusion gene). However, it is possible and perhaps more likely that the chromatin state of a specific rRNA gene promoter region is altered, either directly or indirectly as a result of the rpd3⌬ mutation, so that Pol II transcription becomes unfavorable. It was previously suggested that UAF binding to the upstream element of the promoter forms a chromatin structure that activates Pol I and silences Pol II initiation of transcription of rRNA genes and that this structure forms a nucleation site for spreading of this chromatin state (7) . According to this model, rpd3⌬ mutation alters chromatin structures at the nucleation site, making the structure more repressive for Pol II transcription of both rRNA genes and Pol II reporter genes. Similarly, the observation that sir2⌬ mutation increases transcription of Pol II reporter genes, i.e., abolishes silencing (3, 14, 44) but does not increase or inhibit Pol II transcription of rRNA genes (this paper) indicates that Sir2 may be required for spreading, but not initial nucleation, of the proposed Pol II repressive chromatin structure. We note that previous analysis of histone acetylation did not find any significant difference in the degree of acetylation of histones H3 and H4 in several regions of rRNA genes analyzed between rpd3⌬ and control RPD3 strains (39) . Thus, if the chromatin alteration caused by the rpd3 mutation at the proposed nucleation site is a direct consequence of the mutation, one might expect a difference(s) in the degree of acetylation of histones H3 and/or H4 associated with UAF or nearby histones or possibly in the (hypothetical) acetylation of nonhistone UAF subunit proteins between the rpd3 mutant and control RPD3 strains. The search for such possible difference(s) will be a subject of future studies.
The interpretation of the various experimental observations suggests that the chromatin structure of closed rRNA gene copies in growing cells [rRNA gene (C) in growing cells ( Fig.  1) ] may have a feature similar to that of rRNA gene copies in PSW cells [rRNA gene (P) (Fig. 1)] . We note that even WT strains reveal Pol II transcription of rRNA genes under some conditions, e.g., after incubation at 37°C (7), and this may likely take place in the closed state of rRNA gene, which allows Pol II transcription of reporter Pol II genes but not Pol I transcription of rRNA genes. However, the physiological significance of the observed (weak) Pol II transcription of rRNA genes in WT strains is presently unclear.
Rpd3-dependent change from the open to closed state of rRNA genes during the post-diauxic phase. The change from the open to closed state during entry into stationary phase (pathway A in Fig. 1 ) requires Rpd3 (39), but its significance and other factors involved in this conversion are unknown. The new observations described here suggest that the closed state in stationary phase shares common features with the state in PSW cells. Besides the absence or the great reduction of Pol I transcription of rRNA genes, both states can be generated from the open state in growing cells only in the presence of active Rpd3; in the rpd3 mutant, pathway A does not take place, and pathway C, leading to the PSW cells in the absence of functional UAF, is greatly reduced. Since the chromatin state rRNA gene (P) in PSW cells can be formed by mutations in UAF components, it may be interesting to examine possible (reversible) modifications of these components (including histones H3 and H4 of UAF) in rRNA gene chromatin in postdiauxic-phase or stationary-phase cells as well as in closed rRNA gene copies in growing cells. It should be noted that Rpd3 is required for conversion of the open state to the closed state during the post-diauxic phase but is not required for the maintenance of the closed state in the post-diauxic and stationary phases. Or simply stated, in rpd3⌬ mutant cells going from exponential to stationary phase, the open genes fail to close normally but the closed genes apparently remain closed (39) . This known feature is somewhat difficult to explain in terms of simple acetylated states of rRNA gene chromatinassociated histones. On the basis of the observed inhibition of Pol II transcription of rRNA genes by the rpd3⌬ mutation, one could formulate some models to explain this feature; for ex- Inhibition of Pol I transcription of rRNA genes by rapamycin does not require Rpd3. We have not observed any significant difference in the sensitivity of Pol I transcription to rapamycin between rpd3⌬ strains and control RPD3 strains as judged by measuring the rate of accumulation of total RNA, the rate of synthesis of rRNA using [methyl-
3 H]methionine pulse-labeling, and by measuring polymerase density in individual genes visualized in Miller chromatin spreads. Tsang et al. (48) concluded that Pol I transcription was resistant to rapamycin in an rpd3 mutant on the basis of measurements of the amounts of unstable 35S pre-rRNA by Northern blot analysis. We also analyzed the amount of 5Ј ends of 35S rRNA in rpd3⌬ and control RPD3 strains after rapamycin treatment by primer extension. Although the decrease in rpd3⌬ cells was somewhat smaller than that in WT cells, even the decrease in WT cells was much smaller than the decrease in rRNA synthesis rate measured by the other methods described in this paper (our unpublished experiments). Rapamycin causes an inhibition of rRNA processing in addition to inhibiting Pol I transcription, leading to an increased appearance of 35S prerRNA relative to the control in pulse-labeling experiments (34) . Therefore, the use of 5Ј-end analysis or Northern analysis of 35S pre-rRNA may not be appropriate for measurements of Pol I transcription rate after rapamycin treatment.
Regarding morphological changes observed after rapamycin treatment, we did not observe any significant difference between the rpd3⌬ mutant and control RPD3 strain, whereas Tsang et al. (48) reported morphological changes in RPD3, but not rpd3⌬, cells. The reason for the discrepancy is unknown.
The discrepancy between our observations on morphological changes in nucleoli of rrn3 mutant cells and the results of Tsang et al. (48) may be due to the use of different mutations. The degree of Pol I inhibition in their rrn3 mutant under the conditions used in their studies was not shown. It is difficult therefore to directly compare observations, since different rrn3 TS mutations respond to temperature shift with different rapidities. Our results clearly demonstrate that morphological alterations of the nucleolus, including dispersion of Pol I through the nucleoplasm, take place as a result of inactivation of Rrn3 by temperature shift up in the absence of rapamycin and in both RPD3 and rpd3⌬ cells. Clearly, inactivation of Rrn3 itself (or the resultant inhibition of Pol I transcription) disrupts nucleolar organization and disperses Pol I into the nucleoplasm separate from the fragmented nucleolar particles containing Nop1. Thus, although we cannot exclude the possibility that rapamycin treatment can cause morphological changes of the nucleolus independently of its inhibition of Pol I transcription, such changes can take place in the absence of Rpd3. In addition, it is possible that disruption of the nucleolus observed in rapamycin-treated cells is a consequence of rapamycin effects on the Pol I transcription machinery (including Rrn3) and/or the resultant inhibition of rRNA transcription. By comparing the effects of Pol I subunit mutations with the effects of several inhibitors of rRNA synthesis, it was suggested that Pol I may play a structural role in the maintenance of nucleolar structures in addition to its functional role in rRNA synthesis (32) . It is possible that Rrn3, which is known to interact with Pol I (12, 24, 53) , plays a similar role.
In summary, the results of reexamination of the effects of rapamycin on Pol I transcription and nucleolar morphology presented in this paper combined with those reported previously (8, 39) support signaling pathways A and B shown in Fig.  1 ; that is, during the transition from exponential phase to post-diauxic/stationary phase, yeast cells decrease Pol I transcription rate by two mechanisms: (i) in pathway A, the number of active genes is decreased by an unknown mechanism, which is Rpd3 dependent and is independent of the rapamycinsensitive Tor pathway, and (ii) in pathway B, the transcription activity of individual "open" rRNA genes is decreased by inhibiting Tor signaling, which resembles rapamycin inhibition and is Rpd3 independent. We note that inhibition of ribosomal protein gene expression by rapamycin appears to be achieved at least in part by a recruitment of Rpd3 to the promoters of these genes (19, 36) and that a similar model invoking recruitment of Rpd3 to the rRNA gene promoters (48) might be attractive. However, our results do not support such a model. Inactivation of Tor by rapamycin is known to cause inactivation of some components of the Pol I transcription machinery, such as Rrn3 (or its mouse homolog, TIF-IA) and/or Pol I, as shown in both mammalian and yeast systems (8, 28 ; our unpublished results), and we now conclude that such alterations must almost certainly take place without participation of the Rpd3 histone deacetylase.
It is evident that regulation of rRNA transcription is complex and that rRNA gene chromatin structures participate in this regulation. Chromatin structures of rRNA genes also play important roles in various functions unrelated to Pol I transcription of rRNA genes, such as regulation of cell cycle progression by sequestration of and controlled release of Cdc14 (11, 41, 50) , regulation of recombination between rRNA gene repeats (15, 26) , and regulation of cell aging (17, 43) . Molecular characterization of various rRNA gene chromatin states and pathways depicted in Fig. 1 and discussed in this paper represent an effort toward achieving the challenging goal of understanding the complex structures of the nucleolus that organize and regulate these various essential cellular functions.
